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The organization of adeno-associated virus serotype 4 (AAV 4) DNA was
probed by using restriction enzymes. The cleavage sites of the following enzymes
were mapped: BglII, BamI, HincIl, KpnI, PstI, SaLI, SstI, and XhoI. The
orientation of transcription on the physical cleavage map was deternined by
locating the fragments which contain the 3' end of the mRNA. Strand separation
gels were run for HinII fragments ofAAV 4 DNA. By hybridizing AAV 4 mRNA
to the resolved strands, the polarity of the DNA strands was identified. Restriction
digestion ofAAV 4 DNA sometimes produced terminal fragments which migrated
in agarose gels as doublets. However, when AAV 4 DNA was prepared devoid of
any single-stranded nicks, these terminal doublet bands were not observed upon
subsequent restriction analysis. During these studies, the molecular weights of
both AAV 4 and AAV 2 duplex DNA were measured and were found to be
somewhat larger than previously reported (3.18 x 106 and 3.10 x 10', respectively).
Adeno-associated virus type 4 (AAV 4) is a
defective simian parvovirus requiring an adeno-
virus helper for a productive infection (1, 25).
Although virions contain a single strand ofDNA
of about 1.6 x 106 molecular weight, both plus
and minus strands are encapsidated separately
and in approximately equal amounts (4, 7, 25,
31). Thus, isolation ofDNA from AAV 4 virions
can result in full-length duplex DNA molecules
under proper annealing conditions. This duplex
DNA is suitable for analysis by restriction en-
donucleases. In this report, we describe a phys-
ical map of AAV 4 duplex DNA which has been
constructed by using the restriction enzymes
BamHI, Sall, HincII, BgIII, PstI, SstI, KpnI,
and XhoI.
Cleavage of AAV 4 DNA by a majority of
these enzymes produces only one terminal frag-
ment for each end of the linear molecule ana-
lyzed by gel electrophoresis of the digests on
1.4% agarose. However, DNA which has previ-
ously sustained single-stranded nicks produces
doublet bands for a terminal fragment when
digested by KpnI or SstI, and sometimes by
HincII, Sail, or BamHI. Doublet bands are not
observed for terminal fragments larger than
about 1,500 base pairs under these conditions,
and never for internal fragments. When un-
nicked AAV 4 DNA is digested by KpnI or SstI
t Present address: Department of Microbiology, University
of Chicago, Chicago, IL 60637.
f Present address: Life Sciences Biomedical Research In-
stitute, St. Petersburg, FL 33710.
§ Present address: Department of Biochemistry, Case
Western Reserve University School of Medicine, Cleveland,
OH 44106.
(both enzymes produce a 320-base pair terminal
fragment) and is analyzed on 3 to 15% polyacryl-
amide gradient gels, submolar bands, which ap-
pear to represent the smaller terminal fragment,
are produced but doublet bands are not de-
tected. Digestion of AAV 2 DNA by restriction
enzymes has also revealed doublet terminal frag-
ment bands on gels, as well as multiple submolar
terminal fragment bands (6, 14, 34). It should be
noted, however, that the doublet terminal frag-
ment bands reported in the studies with AAV 2
DNA are revealed for the most part only by
electrophoresis in polyacrylamide gels and not
in agarose gels (6). The termini of AAV 2 DNA
are especially interesting since they carry natu-
ral and inverted repeats and a terminal palin-
drome (5, 34).
Only one gene may be expressed by AAV 4
since only one size class of AAV 4-specific
mRNA has been fractionated from infected cell
cytoplasm by sucrose gradient sedimentation or
by electrophoresis in polyacrylamide gels (Y. S.
Lee and J. E. Newbold, unpublished data). The
character of the predominant AAV 4 transcript
is thus very similar to the initial characterization
of the virus-specific transcript reported in the
early studies with AAV 2-infected cells (9, 10-
12, 20). More recent studies of AAV 2-specific
transcripts have demonstrated both the pres-
ence of three minor species of mature mRNA
and also the phenomenon of splicing (21). These
same studies with AAV 2 showed that both the
predominant and the three minor classes of ma-
ture mRNA were all 3' coterminous (21).
Such a simple system is ideal for examining
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genetic expression in eucaryotes. A short reverse
transcript of the 3' end of AAV 4 mRNA has
been synthesized and hybridized to various pur-
ified DNA restriction fragments. In this manner
the fragments containing the 3' end of the
mRNA have been located on the physical map,
and the orientation of transcription on this map
has been determined.
We have also separated the strands of the
fragments of an AAV 4 HincIl digest by gel
electrophoresis. By hybridizing AAV 4 mRNA
to the resolved strands for a fragment represent-
ing 49% of the DNA molecule and all of the 3'
ends of the mRNA, we have determined the
polarity of the DNA strands.
(Preliminary reports of portions of these data
were presented at the 75th and 77th Annual
Meeting of the American Society for Microbiol-
ogy, New York, N.Y., 27 April-2 May 1975, and
New Orleans, La., 8-13 May 1977, respectively.)
MATERIALS AND METHODS
Viruses and cells. Confluent 100-mm plates of
African green monkey kidney cells (GIBCO Labora-
tories) were infected with 20 to 40 hemagglutination
units of an AAV 4 heat-treated stock (18, 27). After
allowing 1 h at 37°C for adsorption, 5 x 105 PFU of
simian adenovirus 15 (SV15; plaque-purified stock)
per plate was added as helper virus. Late in infection
(72 h), ceLls were collected and subjected to three
rounds of freezing and thawing, cellular debris was
removed by centrifugation at 5,000 rpm for 10 min,
and AAV 4 virions were purified by banding in three
successive CsCl buoyant density gradients (AAV 4
virion density = 1.44 g/ml) (27). Purified virions were
dialyzed against lx SSC (SSC = 0.15 M NaCl plus
0.015 M sodium citrate) and stored at -20°C. When
[32P]DNA was required, [32P]phosphoric acid was
added at 100 ,uCi/plate 8 to 10 h post-infection, and
virions were purified as described above.
Preparation of viral DNA. Purified virions were
disrupted in 0.1 M NaOH and sedimented through
alkaline sucrose density gradients (6). The DNA peak
was isolated, and DNA was annealed in 0.3 M NaCl-
0.01 M Tris, pH 7.6, at 65°C for 12 to 24 h in sealed
vials. DNA was analyzed by electrophoresis on 1%
agarose gels to verify double strandedness and on 1%
agarose denaturing gels to assure the integrity of single
strands after annealing (26). In some cases, AAV 4
duplex DNA was electroeluted from 0.8% agarose to
provide a pure monomer-length linear duplex DNA
population (22, 29). 4pX174 replicative-form DNA was
the kind gift of Earl Ruley; simian virus 40 (SV40)
form I DNA was isolated as described (17). AAV 2
DNA was extracted as described above from purified
virions kindly provided by J. A. Rose.
Restriction endonucleases. EcoRI, BamHI, and
Sall were the kind gifts of S. S. Potter. HpaI, HindIII,
and XhoI were isolated by S. Bachenheimer. HaeIII
was prepared by J. E. Newbold. PstI, HincII, SstI,
BglII, and HpaII were purchased from New England
Biolabs or Bethesda Research Laboratories. Condi-
tions for the use of each enzyme were provided by the
source.
Gel electrophoresis ofDNA. One percent or 1.4%
agarose (SeaKem) slab gels or 3 to 15% polyacrylamide
(30:1 acrylamide bisacrylamide) gradient gels were
used (19). E buffer (3E buffer is 0.12 M Tris-0.06 M
sodium acetate-0.003 M sodium EDTA, made pH 7.2
with about 6 ml of glacial acetic acid per liter) was
used in the gels and as the electrode buffer (8). Elec-
trophoresis was accomplished at 120 V for 12 h on
agarose gels and at 50 V for 15 h on polyacrylamide
gradient gels. Bromophenol blue was used as the track-
ing dye. Gels were stained in E buffer containing 0.5
ytg of ethidium bromide per ml for 30 to 60 min and
photographed under UV light, using Polaroid type 55
film. For strand separation, the Tris-borate-urea gel
system ofMaxam and Gilbert (24) was adapted. Eight-
tenths percent agarose gels were cast in 50 mM Tris-
borate buffer, pH 8.3, and then soaked in 50 mM Tris-
borate-6 M urea for 1 h. DNA samples were melted at
100°C for 2 min in 90% formamide and quick-cooled
on ice. Just before loading, sample wells were flushed
with Tris-borate buffer to remove the urea. Xylene
cyanol was used as the tracking dye (24). Samples
were subjected to electrophoresis at 450 V for 4 to 6 h,
using 50 mM Tris-borate as the electrode buffer. The
gel was washed to remove the urea and then stained
with ethidium bromide.
32P end labeling ofDNA. Labeling of 5' termini of
AAV 4 DNA with T4 polynucleotide kinase was as
follows. AAV 4 DNA (1.95 A260 [units of absorbancy at
260 nm]) was treated with 6 U of bacterial alkaline
phosphatase (24 U/mg) in a final volume of 0.25 ml
containing 20 ytmol of Tris, pH 8.0, for 30 min at 38°C.
The reaction was stopped with the addition of 0.4 ml
of 0.15 M NaCl and an equal volume of phenol (neu-
tralized and saturated with water). The DNA was
recovered from the aqueous phase after precipitation
with 2 volumes of ethanol overnight at -20°C and
centrifugation in a Spinco SW50.1 rotor for 60 min at
49,000 rpm and 4°C. the AAV 4 DNA (1.1 A260 con-
taining 23 pmol of 5' ends) was incubated in a final
volume of 1 ml containing 2 umol of dithioerythritol,
2 jcmol of potassium phosphate, pH 7.5, 20 ttmol of
Tris, pH 7.5, 10,tmol of MgCl2, 0.03,umol of [y32P]ATP
(33,892 cpm/pmol), and 10 U of T4 polynucleotide
kinase for 15 min at 38°C. Greater than 73% of the 5'
termini were labeled with 32p under these conditions.
The reaction was stopped with the addition of 24 pmol
of EDTA and 120 jtmol of NaCl and extracted with an
equal volume of phenol, followed by 3 volumes of
ether. Unreacted ATP was removed by gel filtration
through a 25-ml Sephadex G-75 column equilibrated
with 0.1 M NaCl, 10 mM Tris, pH 7.5, and 0.1 mM
EDTA. Recovery of 5' 32P-labeled AAV 4 DNA was
80% from the Sephadex column.
Purification of T4 polynucleotide kinase. The
T4-induced polynucleotide kinase was purified by a
modification of the procedure of Richardson (30).
Fraction VI enzyme was chromatographed sequen-
tially on DNA-agarose, DEAE-cellulose, and ADP-
hexane-agarose (P-L Biochemical Corp.). All three
columns were equilibrated with 10% glycerol, 10 mM
potassium phosphate, pH 7.0, 2 mM dithioerythritol,
and 1 mM UMP (buffer A), and enzyme was eluted
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with 0.5,0.05, and 1.0 M KCI, respectively, in buffer A
at pH 7. The recovery of enzymatic activity on each
chromatographic step was 50, 80, and 78%, respec-
tively. The resultant enzyme was free of RNase activ-
ity since incubation of 10 U of kinase for 20 min at
380C did not render acid soluble 3H-labeled calf thy-
musRNA (prepared with calf thymus DNA and Esch-
erichia coli RNA polymerase) or cause a change in
the sedimentation of 3P-labeled 60S Rous sarcoma
virus RNA, analyzed by neutral sucrose gradient cen-
trifugation. The enzyme was also free of detectable
DNase activity since incubation of 10 U of kinase for
20 min at 38°C did not nick "4C-labeled OX174 DNA
as analyzed by sedimentation through alkaline sucrose
density gradients. Enzyme preparations have been
stable for more than 3.5 years, losing less than 15% of
the original activity when stored in buffer A with 60%
glycerol at -20°C.
Preparation of [3H]AAV 4 mRNA. Monolayer
cultures infected with AAV 4 and SV15 were labeled
48 h postinfection with 50 giCi of [3H]uridine/plate
(Moravek Biochemicals; 25 Ci/mmol). After 4 to 6 h,
total cytoplasmic RNA was extracted. All operations
were performed at 40C. Cells were collected into TBS
(0.05 M Tris, pH 7.4, and 0.15 M NaCl), washed, and
suspended in reticulocyte standard buffer (10 mM
Tris, pH 7.4, 10 mM KCI, and 1.5 mM MgCl2). Cells
were disrupted in a Dounce homogenizer, and the
homogenate was centrifuged to remove the nuclei and
unbroken cells (2,000 rpm for 3 min and then 10,000
rpm for 10 min). To this supernatant, an equal volume
of 0.2 M NaCl, 10mM Tris, pH 7.4, 1 mM EDTA, and
0.2% sodium dodecyl sulfate was added. The solution
was extracted three times in phenol-chloroform-iso-
amyl alcohol and three times in chloroform-isoamyl
alcohol, and then precipitated in 2 volumes of ethanol
(2). RNA species were separated by centrifugation
through neutral 15 to 30% sucrose density gradients.
Fractions were assayed for optical density at 260 nm,
trichloroacetic acid-precipitable radioactivity, and
AAV 4-specific radioactivity. The peak fraction con-
taining AAV 4-specific RNA was collected. Since AAV
4 RNA and 18S RNA cosediment in these gradients,
the RNA was sometimes subjected to polyuridylic
acid-Sepharose chromatography to isolate polyade-
nylic acid-containing RNA.
Preparation of cDNA. Purified 3H-labeled AAV
4 mRNA was collected after precipitation in ethanol
by centrifugation in a Spinco SW50.1 rotor at 45,000
rpm for 60 min at 4°C, and the RNA (3,880 cpm) was
dissolved in 0.04 ml of 0.1 M NaCl-10 mM Tris, pH
8.0. A complementary DNA (cDNA) copy of the 3'
end of the RNA was prepared by incubating the
mRNA in a 0.3-ml volume containing 5 Lmol of Tris,
pH 8.0, 0.5 umol of dithiothreitol, 2.5 umol of MgCl2,
0.02 ,umol of [3H]dCTP (25.6 Ci/mmol), 0.125 ,umol
each of unlabeled dATP, dGTP, and dTTP, 0.383
nmol of oligodeoxythymidylate [oligo(dT)14], and 14 U
of RNA-dependent DNA polymerase (from avian my-
eloblastosis virus) for 20 min at 380C. The reaction
was stopped with the addition of 10 ,umol of EDTA,
and protein was removed by extraction with an equal
volume of phenol (neutralized and saturated with wa-
ter). The aqueous phase was dialyzed against 250 ml
of 2 x SSC overnight in the cold. The dialysate was
brought to a final concentration of 0.3 M NaOH and
incubated for 3 h at 300C to hydrolyze the RNA. The
alkali was neutralized with concentrated HCI, and the
cDNA (containing 2.6 x 105 cpm) was dialyzed against
2x SSC buffer overnight before hybridization analysis.
Nucleic acid hybridization. All hybridizations
were performed with filters. Whole AAV 4 DNA or
restriction fragments ofAAV 4 DNA were purified by
gel electrophoresis. The DNA was transferred to
sheets of nitrocellulose filter paper from the gels by
the method of Southern (33). Filters (24 mm) were
punched out of the Southern transfer sheets and con-
tained the purified DNA of interest. Filters were baked
4 h at 800C. DNA-cDNA hybridizations were done in
4x SSC buffer-1% Sarkosyl at 65°C in a volume of 1
ml for 24 h. A blank filter was included in each vial as
a control for nonspecific binding. After hybridization,
filters were washed three times at 650C in 4x SSC
buffer for 10 min each time, and the process was
repeated at 370C. Filters were dried and counted in
toluene and dimethyl POPOP [1,4-bis-(5-phenyloxa-
zolyl)benzene] and PPO (2,5-diphenyloxazole) in a
Beckman LS 250 scintillation counter. RNA-DNA hy-
bridizations took place under the same conditions
except that 0.2% sodium dodecyl sulfate was present
during hybridization. An amount of 0.5 or 1 jg ofAAV
4 DNA was present on each DNA filter (13, 16).
RESULTS
Molecular weight ofAAV 4 duplex DNA.
The molecular weight of AAV duplex DNA has
been reported as 2.8 x 106 to 3.0 x 106 (3, 28).
We have determined the size ofAAV 4 and AAV
2 duplex DNAs from their electrophoretic mo-
bilities on 1% agarose gels. Fragments obtained
by PstI or HpaI partial digests of 4X174 repli-
cative-form DNA were used as size standards
(32). From a plot of log molecular weight versus
migration distance, a standard curve was con-
tructed (Fig. 1). We determine the molecular
weights ofAAV 4 and AAV 2 duplex DNAs from
this curve to be 3.18 x 106 and 3.10 x 106,
respectively. The molecular weight for AAV 4
reported here agrees well with electron micro-
graph measurements of the DNA (Muster and
Newbold, unpublished data). On denaturing
gels, AAV 2 single-stranded DNA migrated
faster than AAV 4 single-stranded DNA, sug-
gesting that the difference in migration rates
was due to a difference in true molecular weight
rather than to secondary structure (data not
shown).
Restriction patterns and fragment sizes
for AAV 4 DNA. AAV 4 DNA was digested
with several restriction endonucleases. Eight en-
zymes were found to give fragments useful in
constructing a physical map of the DNA. Figures
2A and 2B show the fragment patterns for AAV
4 DNA digested with BamHI, XhoI, HincII,
BglII, SstI, PstI, and KpnI. For the last three
digests, 3 to 15% polyacrylamide gradient gels
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FIG. 1. Determination ofmolecular weight ofAAV
4 andAAV2 duplex DNA. Molecular weights ofAAV
DNAs were determined by comigration oftheseDNAs
with fragments of 4X174 replicative-form DNA pro-
duced by complete digestion with PstI or partial
digestion with HpaI. EcoRI-digested SV40 DNA was
also used as a size standard. After digestion, prepa-
rations were inactivated with EDTA, and equal por-
tions from variouspreparations werepooled as listed
below and electrophoresed on 1% agarose gels, and
the migration distance of each DNA species was
noted. (A) 1, AAV2, AAV4, SV40/EcoRI; 2-4, 4X174/
PstI, OX174/HpaI partials, SV40/EcoRI, AAV 2,
AAV 4; 5, 4X174/PstI, 4X174/HpaI partials, SV40/
EcoRI, AAV 2; 6, OX1 74/PstI, OX1 74/HpaI partials,
SV40/EcoRI, AAV 4; 7, 4X174/PstI, 4X174/HpaI
partials; 8, 4X174/PstI, 4X174/HpaI. (B) Migration
distances for each standard fragment were plotted
against the log molecular weight of that fragment,
producing a straight-line relationship. From this
standard curve, the molecular weights ofAAV2 and
AAV 4 duplex DNAs were determined. Points on the
standard curve represent, in decreasing molecular
weight, 4X174/PstI (3.55 x 106), SV40/EcoRI (3.4 x
106), OX174/HpaI-A+B (3.29 x 106), OX1 74/HpaI-
A+C (2.72 x 106), <OX174/HpaI-A (2.46 x 1006).
were used to visualize and size the smaller frag-
ments (Fig. 2C). In Fig. 2C, the submolar bands
observed in KpnI and SstI digests are indicated
by the angled arrows. The restriction pattern for
AAV 4 DNA digested by SalI is given in Fig. 3.
Sall recognized a subset of the HincII se-
quences, cleaving AAV 4DNA into one fragment
the size of HincII-B and one the size of HincII-
A+C. Each AAV 4 DNA enzyme digest was also
electrophoresed in a channel containing size
marker fragments from digests of 4X174 repli-
cative-form DNA with HaeIII, HpaII, or HpaI
(32). Size estimates for the AAV 4 DNA frag-
ments were determined as for whole AAV 4
DNA. Table 1 lists the size obtained for each
fragment and the total size of the AAV 4 DNA
molecule obtained by summing the fragments in
each digest.
Mapping of restriction enzyme cleavage
sites on AAV 4 duplex DNA. Mapping of
restriction enzyme cleavage sites onAAV 4DNA
with respect to each other was accomplished by
several methods. In the cases of BamHI, SalJ,
and BglII, where only two fragments are pro-
duced, simple double digests of the DNA with
two enzymes were sufficient to determine the
relative order of the fragments. The double
digestion data for SalI and BgilII are presented
in Fig. 3B. AAV 4 DNA digested by both en-
zymes is depicted in channel 2. The faster-mi-
grating band was an unresolved doublet com-
prised of fragments BglII-B and Sall-B, which
coelectrophoresed in this gel. In the cases of
HincII, PstI, and XhoI digests, fragment order
was determined by double digests with one-cut
enzymes and by cleaving end-labeled DNA to
identify the terminal fragments. Figure 3A dis-
plays the digestion of 32P end-labeled AAV 4
DNA by SalI and HincII. The data identify
HincII-A and HincII-B as terminal fragments
(refer also to Fig. 2A, channel 2, which displays
all three limit digestion fragments produced by
HincII). In determining the order of KpnI and
SstI fragments, analyses of partial digestion
products as well as double digests of KpnI or
SstI with BamHI, HincII, or PstI were used. In
determining the fragment order for KpnI and
SstI, it was also useful to note that in prepara-
tions of AAV 4 duplex DNA where electropho-
resis on denaturing gels showed the presence of
single-stranded nicks, KpnI-C and SstI-D bands
appeared as doublets (Fig. 4). The presence of
these doublet bands suggested that these were
terminal fragments. The bands did not appear
as doublets when unnicked DNA was used as
substrate for KpnI or SstI (Fig. 2B, C). We have
also observed doublet bands for the terminal
fragments BamHI-B, HincII-B, and Sall-B
when using in vitro labeled (21) AAV 4 DNA,
but not when using in vivo labeled DNA which
was originally isolated as full-length single
strands. The physical map we have constructed
for AAV 4 duplex DNA is contained within Fig.
5.
Preparation and size ofcDNA made from
AAV 4 mRNA. Having a physical map ofAAV
4, we were interested in determining the orienta-
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FIG. 2. Cleavage patterns for AAV 4 DNA digested by eight restriction enzymes. OX174 replicative-form
DNA cleaved by HaeIII, HpaI, or HpaII was used as size standard. (A) 1.4% agarose gel. 1, 4X174 cleaved by
HpaI, HpaII, and HaeIII separately; 2, AAV 4/HincII; 3, AAV 4/HincII, pX174/HpaII, 4X174/HaeIII; 4,
AAV 4/XhoI; 5, AAV 4/XhoI, OX1 74/HpaII, X174/HaeIII; 6, AAV 4/BglII; 7, AAV 4/BglII, 4X1 74/HpaI,
4X174/HpaII; 8, AAV 4/BamHI; 9, AAV 4/BamHI, 4X1 74/HpaI, OX1 74/HpaII, X174/HaeIII; 10, 4X174/
HpaI and OX174/HaeIII. (B) 1.4% agarose gel. 1, MX174/HpaI; 2, 4X174/HaeIII; 3, HpaI, HpaII, HaeIII
digests of 4X1 74; 4, AAV 4/KpnI; 5, AAV 4/KpnI, 4X174/HpaII, 4X174/HaeIII; 6, AAV 4/PstI; 7, AAV 4/
PstI, 4kX174/HpaII, 4OK174/HaeIII; 8, AAV4/SstI; 9, AAV4/SstI, 4X174/HpaI, 4X174/HpaII, 4X174/HaeIII;
10, Same as 3. (C) 3 to 15% polyacrylamide gel. 1 and 2, 4X174/HaeIII; 3, AAV 4/KpnI, 4X174/HaeIII; 4,
AAV 4/KpnI; 5, AAV 4/PstI, OX174/HaeIII; 6, AAV 4/PstI; 7, AAV 4/SstI, OX174/HaeIII; 8, AAV 4/SstI.
The vertical arrows in panels B and C identify AAV 4 DNA fragments KpnI-C and SstI-D electrophoresing
as single DNA bands. The angled arrows in panel C point out the submolar bands produced in those same
KpnI and SstI digests.
RNA from AAV 4-infected cells was prepared as
described in Materials and Methods. The AAV
4-specific RNA appeared as one size class of
about 20S and contained polyadenylate (Lee and
Newbold, unpublished data). Since, in our
hands, it is not yet possible to separate full-size
strands of AAV 4 DNA, we determined that a
short reverse transcript from the 3' end of the
mRNA, using oligo(dT) as a primer, could locate
the 3' end of the mRNA on our DNA map and
thus orient the direction of transcription. A
cDNA probe of this description was obtained,
and its size was monitored on a 15 to 30% neutral
sucrose gradient. The probe DNA cosedimented
with a 4S rRNA marker as a single sharp peak
(data not shown).
Hybridization of cDNA to AAV 4 DNA
restriction fragments. Various restriction
cleavage fragments were purified by gel electro-
phoresis and transferred by the Southern
method to nitrocellulose filters. The amount of
DNA per filter was determined by calculation of
percentage of input DNA expected in each frag-
ment and assumed equal efficiency of transfer
for fragments of all sizes. In some cases, the
amount of DNA per filter could be determined
from the presence of 32P-labeled DNA of known
specific activity on the filters. The filters were
hybridized to cDNA that was specific for the 3'
end of AAV mRNA. The filters were counted,
and blank filter backgrounds were subtracted to
find net radioactivity. The results of these hy-
bridizations are presented in Table 2. We con-
clude from these data that the cDNA, repre-
senting the 3' end of the mRNA, binds to the
right end of the DNA map illustrated in Fig. 5.
Thus, transcription proceeds from left to right
on this map. If for AAV 4 there is either only a
single species of stable mRNA transcribed, or,
as for AAV 2, four species of stable mRNA
having identical 3' termini (21), then we predict
that the 3' end of AAV 4 mRNA lies within the
BglII-B fragment, relatively close to the cleav-
age site, since a significant portion of the hybri-
dizable cDNA binds to the BglII-A fragment.
We predict that the radioactivity seen in the
KpnI-B hybridization is spurious since few
counts hybridized to HincII-B or -C fragments
which lie in the same section of the genome (see
Fig. 5). Since KpnI-A and -B migrated close
together on 1.4% agarose gels (Fig. 2B), and since
the gels for filters were not electrophoresed for
as long as that shown in Fig. 2B in an attempt
to keep the KpnI-C and -D bands in usable
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positions, we believe that the radioactivity on
the KpnI-B filter was due to contaminating
KpnI-A DNA on that filter.
Binding of AAV 4 mRNA to resolved
strands ofAAV 4 HincI-A. Although we have
not succeeded in separating whole AAV 4 DNA
strands, we have found a system which allows
the separation of strands of HincII fragments
(Fig. 6). The resolved strands migrate very
closely together for HincII-A and -B. To purify
these strands, bands were carefully cut out of
the ethidium bromide-stained gels and embed-
ded separately into agarose plugs, and the DNA
was transferred to nitrocellulose filters for hy-
bridization to [3H]AAV 4 mRNA. Although ex-
periments were not undertaken to show which
fragment each resolved band represented, in
strand separation gels where separation was not
effective, the largest of the three HincII frag-
ments migrated about the same distance as
FIG. 3. 32P-labeled AAV 4 duplex DNA digested
by SalI, HincII, and BglII and analyzed on 1.4%
agarose gels. (A) 5' end-labeled AAV 4 DNA is
cleaved to identify the terminal fragments. 1, AAV4/
SalI; 2, AAV 4/HincII. (B) Uniformly labeledAAV 4
duplex DNA digested by BglII and SalI. 1, AAV 4/
BglII; 2, AA V4/BglII/SalI double digest; 3, AAV4/
SalI. The arrow in panel A, channel 2, indicates the
position of the (nonterminal) HincII-C fragment. In
this figure the direction of migration ofDNA bands
is from top to bottom.
TABLE 1. Size estimates for AAV 4 DNA restriction
fragmentsa
Fragment mol wt (x 10-6)
Enzyme
A B C D Total
BamHI 2.44 0.74 3.18
XhoI 1.55 0.83 0.79 3.17
Hinc 1.55 0.98 0.64 3.17
BgIII 2.18 1.01 3.19
SaII 2.19 0.98 3.17
KpnI 1.52 1.31 0.21 0.15 3.19
PstI 1.90 1.19 0.10 3.19
SstI 2.06 0.55 0.35 0.21 3.17
a Molecular weights were estimated from standard
curves of distance migrated plotted against the log
molecular weight for fragments of 4X174 digested by
HpaI, HpaII, or HaeIII. 4X174 DNA has been se-
quenced, and the size of these fragments is known
precisely. Estimates of the molecular weight of the
whole AAV 4 duplex DNA molecule were made by










FIG. 4. 1.4% agarose gels of restriction digests of AAV 4 DNA showing the doublet bands sometimes
observed for the small terminal fr-agments. The doublet bands (KpnI-C and SstI-D) are indicated by arrows.
1, AAV4/BamHI; 2, AAV4/SstI/BamHI double digest; 3, AAV4/SstI; 4, AAV4/SstI/HincII double digest;
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FIG. 5. Summary of results depicting the physical map of the AAV 4 duplex genome. (AAV 4 duplex DNA
is about 4,820 base pairs long or about 3.18 x 106 daltons.) This map shows the restriction enzyme cleavage
sites, the orientation and approximate extent of transcription, and the polarity of the DNA strands. The
heavy lines represent the resolved strands of the HincII-A DNA fragment. It is this portion of the AAV 4
molecule (see table 3) which is shown to hybridize asymmetrically withAAV4 mRNA. Note: No cleavage sites
in AAV 4 duplex DNA were observed for restriction endonucleases EcoRI, SmaI, HindIII, or Hinfl. HaeIII
and HpaII both cleaved AAV 4 DNA many times.
TABLE 2. Hybridization ofcDNA made from the 3'
end ofAAV4-specific mRNA to AAV4 DNA
restriction enzyme cleavage fragments'
Expt AAV 4 DNA Utg of Avg cNExp frAgment DNA/ Net cpm blank DNAno. fragment filter cpm prepn
1 HincII-A 0.30 205 480 200 1
HincII-B 0.30 0 0
HincII-C 0.30 0 0
2 HincII-A 0.50 1,457 286 2
HincII-B 0.50 110
HincII-C 0.50 113




4 PstI-A 0.78 381 85 2
PstI-B 0.74 2,680
5 BgllI-A 0.68 1,035 195 2
BglII-B 0.64 3,904
6 BgllI-A 0.50 249 90 1
BglII-B 0.47 400
AAV 4 DNA 0.50 417
uncut
Filters containing purified fragments of AAV 4
DNA were made as described in Materials and Meth-
ods. Each filter and a blank filter were hybridized to
[3H]cDNA from one of two preparations. Hybridiza-
tions were performed as described in Materials and
Methods, and the results are reported as radioactivity
minus the blank filter background.
bands 1 and 2 in Fig. 6, the HincII-B fragment
migrated about the same distance as bands 3
and 4, and the HincII-C fragment migrated
about the same distance as band 5. The results
2 34 5 6
FIG. 6. Strand separation ofAAV4/HincII digest
fragments by gel electrophoresis. Gels were made and
electrophoresed as described in Materials and Meth-
ods. Two micrograms of AAV 4 DNA was cleaved
with HincII, denatured in 90% formamide, and then
loaded onto the gel. Six bands were observed corre-
sponding to slow and fast strands for each of the
three DNA fragments produced in this digest.
of the hybridization of mRNA to the separated
strands are reported in Table 3. We conclude
that mRNA binds to the HincII-A "slow"
strand. Since all the mRNA appears to have a 3'
terminus in the HincII-A fragment (Table 2), we
suggest that all the mRNA is transcribed from
this slow strand. The amount of radioactivity
present in the HincII-B and -C separated strands
is too low for unambiguous strand assignment
for RNA binding.
DISCUSSION
The experiments described in this paper de-
fine a physical map for duplex AAV 4 DNA. The
cleavage map of AAV 4 DNA for eight restric-
tion enzymes is summarized in Fig. 5. Our studies
have also resulted in the orientation of the di-
rection of transcription of the AAV 4-specific
mRNA on this map. We have further deter-
mined, at least for a fragment representing 49%
of the DNA molecule and all of the 3' ends of
the mRNA, on which strand transcription oc-
curs, and thus the polarity of the strands. In the
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TABLE 3. Hybridization of resolved strands ofAAV
4/HincII digest to [3H]AAV 4-specific mRNAa
Restriction fragment jig of DNA Net cpm
HincII-A slow 0.74 405
HincII-A fast 0.74 72
HincII-B slow 0.46 63
HincII-B fast 0.46 49
HincII-C slow 0.30 57
HincII-C fast 0.30 46
a Strands of the HincII fragments of AAV 4 DNA
were separated as described in Materials and Methods.
Radioactivity reported is minus the counts binding to
blank control filters.
course of these studies we have carefully mea-
sured the molecular weight of both AAV 4 and
AAV 2 duplex DNA, and we find them to be
somewhat larger than previously reported (3,
28).
We also find doublet bands for terminal frag-
ments upon agarose gel electrophoresis of re-
striction enzyme digests of AAV 4 DNA. The
doublet bands appear only when the duplex
DNA has sustained single-stranded nicks during
preparation and the terminal fragments are
small in size. If a single-strand break is near the
end of a terminal fragment, then a small oligo-
nucleotide could dissociate from the duplex,
leaving a single-stranded DNA end containing
an inverted repeat sequence. Thus, when a mix-
ture of intact and nicked terminal fragments was
fractionated by gel electrophoresis, one would
see the appearance of a "doublet" band. Doublet
terminal bands have been reported in polyacryl-
amide gel analyses of restriction digests of AAV
2 DNA (5, 6, 34). This phenomenon appears to
be quite different from that reported for AAV 4
in this paper and is interpreted as due to two
possible sequence orientations at the termini of
AAV 2 DNA (5, 34).
The submolar DNA bands noted on gels of
digests of AAV 4 DNA by KpnI or SstI appear
to be associated with the small terminal frag-
ments (Fig. 20). These submolar bands are quite
similar in the two digests, although the small
terminal fragment of the KpnI digest is derived
from the right end of the DNA map, whereas
SstI-D is derived from the left end of the map.
These minor bands are present in digests that
produce small terminal fragments, but not, for
example, in a PstI digest, where the small frag-
ment is internal, suggesting an association of the
submolar bands with the small terminal frag-
ments. Also, the KpnI-C and SstI-D bands were
not as intense as expected. For example, the
KpnI-D band was more intense than the KpnI-
C band, suggesting that some of the fragment C
DNA was migrating differently than the bulk of
the fragment. For these reasons, we suspect that
the submolar bands are related to the ends of
the DNA molecule. Submolar bands associated
with end fragments have been noted in work
with AAV 2 DNA (14, 34).
In the electron microscope, preparations of
AAV 4 DNA have been shown to include mon-
omer-, dimer-, and trimer-length linear and
monomer-length circular molecules. These spe-
cies are similar to those found in preparations of
AAV 2 duplex DNA (15). We believe, therefore,
that the ends ofAAV 4 DNA are similar to those
found in preparations of AAV 2 duplex DNA
(15). AAV 4 DNA has been electroeluted to
obtain a population of pure monomer-length
linear molecules. When this preparation was
digested with KpnI or SstI, submolar bands were
still found on gels, showing that these bands
were not due to other forms of the duplex DNA
molecule. It is possible that, since AAV 4 DNA
does not come from cloned virus stocks, some
microheterogeneity exists near or at the ends of
the molecules in the untranscribed regions. It is
also possible that some structural configuration
at the ends of some monomer-length duplex
molecules, most probably existing as a result of
the palindromic sequences, accounts for these
submolar bands. Evidence for microheterogene-
ity and aberrant secondary structure at the ends
of the DNA molecules has been reported for
AAV 2 duplex DNA (3, 14). Further experiments
to examine this phenomenon more carefully
would be of great interest.
This research provides a basis for further stud-
ies of the molecular biology of this system. It
should now be possible to map precisely the
extent of transcription on the AAV 4 genome, to
determine the origin and direction of DNA rep-
lication, to elucidate the mechanisms of repli-
cation of linear DNA molecules, and to examine
the sequence and structure at the ends of AAV
4 DNA, and to compare them with those of
other parvoviruses.
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